We study Polyakov loop correlations and spatial Wilson loop at finite temperature in two-flavor QCD simulations with the RG-improved gluon action and the clover-improved Wilson quark action on a 16 3 4 lattice. From the line of constant physics at m PS =m V 0:65 and 0.80, we extract the heavy-quark free energies, the effective running coupling g eff T and the Debye screening mass m D T for various color channels of heavy quark-quark and quark-antiquark pairs above the critical temperature. The free energies are well approximated by the screened Coulomb form with the appropriate Casimir factors at high temperature. The magnitude and the temperature dependence of the Debye mass are compared to those of the next-to-leading-order thermal perturbation theory and to a phenomenological formula in terms of g eff T. We make a comparison between our results with the Wilson quark action and the previous results with the staggered quark action. The spatial string tension is also studied in the high temperature phase and is compared to the next-to-next-leading-order prediction in an effective theory with dimensional reduction.
I. INTRODUCTION
Recent relativistic heavy-ion experiments have revealed various remarkable properties of QCD at finite temperatures and densities, suggesting the realization of the QCD phase transition from the hadronic matter to the quarkgluon plasma (QGP) [1] . In order to extract unambiguous signals for the transition from the heavy-ion experiments, it is indispensable to make a quantitative calculation of the thermal properties of QGP from the first principles. Currently, the lattice QCD simulation is the only systematic method to do so. By now, most of the lattice QCD studies at finite temperature and chemical potential have been performed using staggered quark actions with the fourth-root trick of the quark determinant, which require less computational costs than others. However the lattice artifacts of the staggered quark actions are not fully understood. Therefore, it is important to compare the results from other lattice quarks such as Wilson quark actions to control and estimate the lattice discretization errors.
Such a study at finite temperature (T Þ 0) and zero chemical potential ( q 0) has been initiated several years ago using the Iwasaki (RG) improved gauge action and the N f 2 clover-improved Wilson quark action by the CP-PACS Collaboration [2, 3] . The phase structure, the transition temperature and the equation of state have been investigated in detail, and also the crossover scaling around the chiral phase transition has been tested. In contrast to the case of staggered quark actions, the subtracted chiral condensate in the standard Wilson quark action [4] and in the clover-improved Wilson quark action [2] shows the scaling behavior with the critical exponents and scaling function of the three-dimensional O(4) spin model. This suggests that the lattice QCD with Wilson-type quarks is in the same universality class as the O(4) spin model, as expected from the effective sigma model analysis [5, 6] . Moreover, extensive calculations of various physical quantities at T 0 such as the light hadron masses have been carried out using the same action [7, 8] .
Since a lot of experimental results are obtained by the heavy-ion collisions and numbers of technical progresses in treating system at finite baryon density on the lattice have been made after the studies by the CP-PACS Collaboration, it is worth while to revisit the QCD thermodynamics with Wilson quark actions. In particular, it is essential to perform simulations along the lines of constant physics (LCP) to clearly extract the temperature-and density-dependences. As a first step in this direction, we carry out simulations of N f 2 QCD on an N 3 s N t 16 3 4 lattice at m PS =m V 0:65 and 0.80 in the range T=T pc 0:76-4:0, where m PS (m V ) is the pseudoscalar (vector) meson mass and T pc is the pseudocritical point along the LCP. Among various topics which can be studied using the above configurations, we will focus on two subjects in this paper: the free energy between heavy quarks and the spatial string tension. They are the fundamental quantities to characterize the perturbative and nonperturbative properties of the hot QCD medium.
The heavy-quark free energy was recently studied by lattice simulations in the quenched approximation [9] [10] [11] , and in full QCD with the staggered quark action [12, 13] and with the Wilson quark action [14] . An analytic study based on the thermal perturbation theory was also reported [15] . It was pointed out that the interaction between heavy quarks is intimately related to the fate of charmoniums and bottomoniums in QGP created in relativistic heavy-ion collisions [16] . In this paper, we make a systematic study of the free energy between a quark (Q) and an antiquark ( Q) in the color-singlet and octet channels, and between Q and Q in the color antitriplet and sextet channels. We adopt the Coulomb gauge fixing for the gauge-non-singlet free energies. By fitting the numerical results with a screened Coulomb form, we extract an effective running coupling and the Debye screening mass in each channel as functions of temperature. We also study the ''force'' between heavy quarks defined through the derivative of the free energy with respect to the interquark distance. We show that (i) the free energies in the different channels at high temperature (T * 2T pc ) can be well described by channel-dependent Casimir factors together with the channel-independent running coupling g eff T and Debye mass m D T, (ii) the next-to-leading-order result of the Debye mass in thermal perturbation theory agrees better with the lattice m D T data than that of the leading order, (iii) g eff T and m D T satisfy the leading-order formula, m D T 1 N f =6 q g eff TT for T > 1:5T pc , so that most higherorder and nonperturbative effects on the Debye mass is likely to be absorbed in g eff T, and (iv) there is a quantitative discrepancy in m D T between our results using the Wilson quark action and those using the staggered quark action [12, 13] even at T 4T pc , and (v) the Casimir scaling law valid above T pc is violated below T pc , in particular, in the color octet channel.
We also extract the spatial string tension s at T > T pc from the spatial Wilson loop. We show that s p has approximate linear increase with T, as previously reported in quenched studies [17] [18] [19] [20] . We find that our result for s agree quantitatively well with the analytic result based on a dimensionally reduced effective theory [21] . This paper is organized as follows: In Sec. II, we present our lattice action and simulation parameters, and discuss the line of constant physics. Results of numerical simulations for the heavy-quark free energies are shown in Sec. III. The effective running coupling and Debye screening mass are extracted from the heavy-quark free energies and are compared with the analytic results of thermal perturbation theory and with the numerical results with staggered quark action. The force between heavy quarks are also discussed in this section. In Sec. IV, we show the spatial string tension obtained from the spatial Wilson loop and its comparison to analytic results. The paper is concluded in Sec. V. We discuss the fit range dependence of the free energies in Appendix A, and tabulate numerical data of the free energies in Appendix B.
II. SIMULATIONS WITH A WILSON-TYPE QUARK ACTION

A. Lattice action
We employ the RG-improved gauge action [22] and the N f 2 clover-improved Wilson quark action [23] defined by S S g S q ;
(1)
where 6=g 2 , c 1 ÿ0:331, c 0 1 ÿ 8c 1 and
Here K is the hopping parameter and F is the lattice field strength, F 1=8if ÿ f y , with f the standard clover-shaped combination of gauge links. For the clover coefficient c SW , we adopt a mean field value using W 11 which was calculated in the one-loop perturbation theory [22] ,
The phase diagram of this action in the ; K plane has been obtained by the CP-PACS Collaboration [2, 3] as shown in Fig. 1 . The solid line K c T 0 with filled circles is the chiral limit where pseudoscalar mass vanishes at zero temperature. Above the K c T 0 line, the parity-flavor symmetry is spontaneously broken [24 -26] . At finite temperatures, the cusp of the parity-broken phase retracts from the large limit to a finite [27, 28] . The solid line K c T > 0 connecting open symbols represents the boundary of the parity-broken phase. The region below K c corresponds to the two-flavor QCD with finite quark mass. We perform simulations in this region after investigating the relation between the simulation parameters ; K and the physical parameters, e.g. quark mass and lattice spacing.
The dashed line K t with filled diamond represents the finite temperature pseudocritical line determined from the peak of Polyakov loop susceptibility. This line separates the hot phase (the quark-gluon plasma phase) and the cold phase (the hadron phase). The crossing of the K t and the K c T 0 lines is the chiral phase transition point.
B. Determination of lines of constant physics and simulation parameters
For phenomenological applications, we need to investigate the temperature dependence of thermodynamic observables on a line of constant physics (LCP), which we determine by m PS =m V (the ratio of pseudoscalar and vector meson masses at T 0). For our purpose, we need LCP in a wider range of parameters than that studied in Ref. [3] . Therefore, we reanalyze the data for m PS a and m V a at zero temperature in a wider range shown in Fig. 2 , where a is the lattice spacing [2, 3, 7, 8] . The thin solid lines in Fig. 3 shows our results for LCP corresponding to m PS =m V 0:65, 0.70, 0.75, 0.80, 0.85, 0.90 and 0.95. The bold solid line denoted as K c represents the critical line, i.e. m PS =m V 0. Our LCP's are consistent with those of [3] in the range of the previous study.
We also reanalyze the lines of constant T=T pc . The temperature T is estimated by the zero-temperature vector meson mass m V a; K using
The lines of constant T=T pc is determined by the ratio of T=m V to T pc =m V where T pc =m V is obtained by T=m V at K t on the same LCP. We use an interpolation function, Table I . Because the determination of the pseudocritical line is more difficult than the calculation of T=m V , the dominant source for the error of T=T pc in Table I is the overall factor T pc =m V . The number of trajectories for each run after thermalization is 5000 -6000. We measure physical quantities at every 10 trajectories.
III. HEAVY-QUARK FREE ENERGIES
A free energy of static quarks on the lattice is described by the correlations of the Polyakov loop: x Q N t 1 U 4 ; x where the U ; x 2 SU3 is the link variable. With an appropriate gauge fixing, one can define the free energy in various color channels separately [29, 30] : the color singlet Q Q channel (1), the color octet Q Q channel (8), the color antitriplet QQ channel (3 ) , and the color sextet QQ channel (6) where r jx ÿ yj. We adopt the Coulomb gauge fixing in this study.
Above T pc , we introduce normalized free energies V 1 ; V 8 ; V 6 ; V 3 such that they vanish at large distances. This is equivalent to defining the free energies by dividing the right-hand sides of Eqs. (7)- (10) by hTri 2 .
The normalized free energies are shown in Fig. 4 for color-singlet and octet Q Q channels (left) and color antitriplet and sextet QQ channels (right) for m PS =m V 0:65 and T T pc . These for m PS =m V 0:80 are also shown in Fig. 5 . Data of the normalized free energies for all temperatures above T pc are summarized in Tables V, VI , VII, VIII, IX, X, XI, XII, and XIII of Appendix B. From these figures, we find that the interquark interaction is ''attractive'' in the color-singlet and antitriplet channels and is ''repulsive'' in the color octet and sextet channels. We also see that, irrespective of the channels, the interquark interaction becomes rapidly weak at long distances as T increases, as expected from the Debye screening at high temperatures. These behaviors are qualitatively similar to the case of quenched QCD in the Lorenz gauge as reported in Ref. [10, 11] .
To study the screening effects in each color channel more closely, we fit the free energies by the screened Coulomb form for our cases. Here, it is worth stressing that, with the improved actions we adopt, the rotational symmetry is well restored in the heavy-quark free energies [31] . Therefore, we do not need to introduce terms correcting lattice artifacts at short distances in Eq. (11) to fit the data shown in Fig. 4 and 5.
The Debye screening effect is defined through the long distance behavior of V M r; T. A discussion to determine an appropriate fit range is given in Appendix A and we choose it to be 11 p =4 rT 1:5. We also discuss the systematic errors due to a difference of the fit ranges in Appendix A, and find that the systematic errors are smaller than the statistical errors at T * 2T pc . The fit is performed by minimizing 2 =N DF , where N DF 20. Results of the 2 =N DF for each color channel and temperature are summarized in Table II for m PS =m V 0:65 (left) and 0.80 (right). The results of eff T and m D T are shown in Fig. 6 for m PS =m V 0:65 and Fig. 7 for 0.80. The numerical results are also summarized in Table III for m PS =m V 0:65 and Table IV for 0.80. We find that there is no significant channel dependence in eff T and m D T at sufficiently high temperatures (T * 2T pc ). In other words, the channel dependence in the free energy can be well absorbed in the kinematical Casimir factor at high temperatures, as first indicated in quenched studies [10, 11] .
A. Debye mass on the lattice and that in perturbative theory
Let us first compare the Debye mass on the lattice with that calculated in the thermal perturbation theory. The 2-loop running coupling is given by
where the argument in the logarithms can be written as = =TT=T pc T pc = where we adopt
MS
' 261 MeV [32] and T pc ' 171 MeV [2] . We assume that the renormalization point is in the range T to 3T. Therefore, g 2l can be viewed as a function of T=T pc . With g 2l , the Debye screening mass is given by
in the leading-order (LO) thermal perturbation theory, neglecting the effects of quark masses.
In Fig. 8 (left) we compare m D T in the color-singlet channel with m LO D T=T for T, 2T and 3T. We find that the leading-order screening mass m LO D T does not reproduce the simulation results at all. Similar discrepancy has been observed also in quenched QCD [33] and in full QCD with staggered quarks [12] .
To study higher-order contributions in the thermal perturbation theory, we test the Debye mass in the next-toleading-order calculated by the hard thermal loop resummation method [34] ,
Here
T denotes the magnetic screening mass. The factor C m cannot be determined within the perturbation theory due to the infrared problem. In this study, we adopt C m ' 0:482 obtained by a quenched lattice (5) 3.17 (6) simulation [33] as a typical value. 1 In Fig. 8 (right 
B. Phenomenological relation between eff and m D
So far, we have fitted the free energies on the lattice treating eff and m D as independent parameters. In this subsection, we test an ansatz inspired from the leadingorder perturbation theory:
with g eff T 4 eff T p . Therefore, if this relation holds, we expect that the ratio
should be close to unity (RT 1).
In Fig. 9 , our simulation results of RT for the singlet channel are shown as a function of T=T pc . We find that RT is consistent with unity for T * 1:5T pc within 10% accuracy. This is a nontrivial observation particularly near T pc and suggests that the major part of the higher-order effects and nonperturbative effects of m D T can be expressed by the effective running coupling g eff T. We note that a similar effective coupling at T 0 defined through the lattice potential was introduced to improve the lattice perturbation theory [35] .
C. Comparison with the staggered quark action
Finally, we compare the results of eff T and m D T obtained by the Wilson quark action (present work) with those by an improved staggered quark action on a 16 3 4 lattice at m PS =m V ' 0:70 [12, 13] . The comparison is shown in Fig. 10 for eff T (left panel) and m D T (right panel). Although eff T does not show significant difference between the two actions, m D T in the Wilson quark action is systematically higher than that of the staggered quark action by about 20% even at T 4T pc . This discrepancy can be seen directly from the normalized free energies in Fig. 11 where ÿr V 1 r is shown as a function of rT at T ' 1:7T pc (left) and ' 4:0T pc (right). The circles (triangles) are the results of the Wilson quark action (staggered quark action). The data for the staggered quark action is taken from Ref. [12] . The straight lines are the fits with the screened Coulomb form, Eq. (11), in the range 11 p =4 rT 1:5 (circles) and 0:8-1:0 & rT (triangles). The intercepts of the lines with the vertical axis and the slopes of the lines correspond to eff T and m D T, respectively. There is an obvious difference in the slope in different quark actions, which may be regarded as systematic errors due to the lattice discretization. This discrepancy should be further investigated at smaller lattice spacing, i.e. larger lattice size in the temporal direction.
D. Force between heavy quarks
To make a direct comparison of the free energies below and above T pc , we study the ''force'' between heavy quarks defined by dF M r; T=dr without introducing the subtraction of hTri 2 . In Fig. 12 , such forces are shown for colorsinglet (left) and octet (right) Q Q channels, and in Fig. 13 , for color sextet (left) and antitriplet (right) QQ channels at m PS =m V 0:65. Results at m PS =m V 0:80 are shown in Fig. 14 and 15 .
In the color-singlet and antitriplet channels, there is always an ''attraction'' both for T < T pc and for T > T pc , and the ''attraction'' is stronger as we decrease the temperature. The signal for the color sextet channel below T pc is rather weak and we cannot make a definite statement from our data. On the other hand, the force in the color octet channel is clearly ''attractive'' (''repulsive'') at low (high) T. Namely, the simple Casimir scaling law, which worked well at high T, does not hold below T pc . In Ref. [36] , it has be suggested that the Polyakov loop correlation in the octet channel is saturated by the colorsinglet intermediate states at very low temperature. If this is true, the attraction in the color octet channel found here is explained by the attraction in the singlet channel. 
FIG. 14 (color online). The same as Fig. 12 at m PS =m V 0:80. 
IV. SPATIAL WILSON LOOP
In previous quenched studies [17] [18] [19] [20] , the Wilson loop in spatial direction is found to show nonvanishing spatial string tension s even at T > T pc , which is called the spatial confinement. We study this phenomenon with the existence of dynamical quarks in the system. Although quarks are expected to decouple from the spatial observables for T T pc due to dimensional reduction and thus do not affect s in the high temperature limit, it is not obvious whether the same is true near T pc .
We evaluate s assuming a simplest ansatz for the spatial Wilson loop WI; J with the size I J:
where s , p and C w are fit parameters. The results of s T p =T pc are shown in Fig. 16 (left) as a function of T=T pc . We find that s T p =T pc approaches to a constant as T decreases below T pc , while it increases linearly as T above T pc . Similar behavior has been observed in the quenched case [17] .
Let us first make a phenomenological parametrization of the spatial string tension
motivated by the dimensional reduction at high temperature with g 2 2l being the two-loop running coupling of two-flavor QCD defined in Eq. (13) . Our results for s T p =T are shown in Fig. 16 (right) . The solid and dashed lines in the figure are the results of a fit of our data in the range T > 1:3T pc to the formula Eq. (19) . Here, we fix 2T and take c and =T pc as fitting parameters to obtain Let us now make an alternative comparison of our data with a recent prediction by the parameter-free threedimensional (3d) effective theory [21, 38] 
where the coefficient 0.553(1) expresses a nonperturbative contribution determined by 3d quenched lattice simulations, and g M is a dimensionful 3d gauge coupling defined through the four-dimensional running coupling, g, as
Known coefficients C 1 and C 2 represent the next-toleading (NLO) and next-to-next-leading (NNLO) contributions in 3d effective theory [21] . We choose =T 2, which is in the range 6.0 -7.0 assumed in the study of Ref. [21] . We take the same value for =T pc N f 2
MS
=T pc as that in Sec. III A. Figure 17 shows the results of the spatial string tension, together with the prediction from the 3d effective theory in the leading order, NLO and NNLO. We observe that convergence of the series is rather well and the NNLO result is quite consistent with our lattice data. Similar agreement in quenched QCD has been reported in Ref. [21] .
V. CONCLUSIONS
In the past few years, many of the lattice QCD simulations at finite temperature and density have been performed using staggered quark actions. However, to control the lattice artifacts, comparison with other quark actions are indispensable. This motivates us to carry out a systematic study with an improved Wilson quark action. As a first step, we performed simulations of N f 2 QCD on an N 3 s N t 16 3 4 lattice. We have identified the lines of constant physics and studied the temperaturedependence of various quantities at m PS =m V 0:65 and 0.80 in the range T=T pc 0:76-4:0.
We found that, at T T pc , the free energies of QQ and Q Q normalized to be zero at large separation show attraction (repulsion) in the color-singlet and antitriplet channels (color octet and sextet channels). We fitted the free energy data in each channel by the screened Coulomb form, Eq. (11), which consists of the Casimir factor, the effective coupling eff T and the Debye screening mass m D T. We found that free energies in different channels can be fitted for T * 2T pc in terms of universal eff T and m D T while all the channel dependence can be absorbed by the Casimir factor. The magnitude and the T-dependence of m D T is consistent with the next-to-leading-order calculation in thermal perturbation theory. Moreover it is also well approximated by the leading-order form with an ''effective'' running coupling defined from eff T.
By comparing our results with the improved Wilson quark action and those with the improved staggered quark action, we found that eff T does not show appreciable difference while m D T in the Wilson quark action is larger than that of the staggered quark action by 20%. To draw a definite conclusion, however, simulations with smaller lattice spacings, i.e., larger lattice sizes in the temporal direction (such as N t 6 or larger) at smaller quark masses are required.
We also discussed the force between heavy quarks to make a direct comparison of the free energies below and above T pc . In the color octet channel, we find that the force becomes attractive below T pc against the simple Casimir scaling law. This may be related to the suggestion that the Polyakov loop correlation in the octet channel is not independent from that in the singlet channel in the low temperature limit [36] . Moreover, spatial string tension s T in the high temperature phase was investigated. The result of the spatial string tension in the quark-gluon plasma shows a behavior consistent with s T p cg 2 2l 2TT and agrees well with a parameter-free prediction of the NNLO three-dimensional effective theory.
Using our configurations, we are currently studying the critical temperature (T pc in the chiral limit), the chiral and isospin susceptibility across the phase transition, the effect of the chemical potential on the heavy-quark free energies, and the equation of state at finite temperature and density. Some of the results are reported in Ref. [39, 40] .
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APPENDIX A: FIT RANGE AND SYSTEMATIC ERRORS
In order to determine the appropriate fit range for free energies by the screened Coulomb form, Eq. (11), we estimate the effective Debye mass from the ratio of normalized free energies: The effective Debye mass is shown in Fig. 18 for colorsinglet channel at T 1:18T pc (left) and 3:22T pc (right) for m PS =m V 0:65. Since the plateaus of m eff D T; r are found at rT > 0:8, we choose the fit range to be 11 p =4 rT 1:5. The solid lines in Fig. 18 are the results of the fit with the statistical errors indicated by the dashed lines.
In order to investigate systematic errors due to a dependence on fit ranges, we consider two other fit ranges: 9 p =4 rT 1:5 and 13 p =4 rT 1:5. The systematic errors due to the difference of the lower end of the fit range are shown in Fig. 19 for eff T (left) and m D T (right) in the color-singlet channel at m PS =m V 0:65. The similar plots at m PS =m V 0:80 are shown in Fig. 20 . We find that, for T & 2T pc , the systematic errors amount to at most the twice of the statistical errors, i.e. 2. On the other hand, for T * 2T pc , the systematic errors are less than 10% of the statistical errors.
APPENDIX B: DATA LISTS OF NORMALIZED FREE ENERGIES
In Tables V, VI, VII, VIII, IX, X, XI, XII, and XIII, we give data of the normalized free energies for all color channels and temperatures above T pc as a function of distance (rT). The normalized free energies are measured at every ten trajectories for each quark mass and temperature summarized in Table I . The values in parenthesis of the normalized free energies express the statistical errors determined by a jackknife method with the bin-size of 100 trajectories. 
